Room temperature micro-Raman investigations of LO phonon and LO phonon-plasmon coupling is used to study the As outgassing mechanism and the disordering effects induced by ion implantation in Zn-doped GaAs with nominal doping level p =7ϫ 10 18 cm −3 . The relative intensity of these two peaks is measured right after rapid vacuum thermal annealings (RVTA) between 200 and 450°C, or after ion implantations carried out at energies of 40 keV with P + , and at 90 and 170 keV with As + . These intensities provide information regarding the Schottky barrier formation near the sample surface. Namely, the Raman signature of the depletion layer formation resulting from As desorption is clearly observed in samples submitted to RVTA above 300°C, and the depletion layer depths measured in ion implanted GaAs: Zn are consistent with the damage profiles obtained through Monte Carlo simulations. Ion channeling effects, maximized for a tilt angle set to 45°during implantation, are also investigated. These results show that the Raman spectroscopy is a versatile tool to study the defects induced by postgrowth processes in multilayered heterostructures, with probing range of about 100 nm in GaAs-based materials.
I. INTRODUCTION
Raman spectroscopy is a powerful nondestructive technique used to study the variation of crystallinity in III-V semiconductors after rapid thermal annealing, 1,2 recrystallizing processes, 3 ion beam etching, 4 and ion implantation. 5, 6 Many Raman scattering measurements performed in n-and p-type materials have put the emphasis on the longitudinal vibration of the carrier plasma which couples with the LO phonon via the macroscopic electric field to form a phononlike LO phonon-plasmon coupling (LOPC) mode. Such a mechanism has been studied in p-type GaAs as a function of different carbon, 7 silicon, 8 beryllium, 9, 10 and zinc 11 doping levels. These previous reports have shown that the relative integrated areas of the LO phonon bands ͑I LO ͒ and the LOPC bands ͑I LOPC ͒ can directly be connected to the free carrier concentration located in the Raman probed volume, thus allowing one to estimate the depletion layer depth in the vicinity of the sample surface.
In this paper, we present micro-Raman investigation of p =7ϫ 10 18 cm −3 Zn-doped ͑100͒ GaAs substrates after rapid vacuum thermal annealings (RVTA) or after ion implantations. We show that this experimental technique can provide both quantitative and qualitative information regarding the defects induced by these two postgrowth processes. The measurements of the I LO /I LOPC ratio between 200 and 400 cm −1 are obtained with the help of the data reported by Irmer et al. for heavily doped p-type GaAs with low carrier mobility. 11 Our results enable us to study the mechanisms involved in the Schottky barrier formation, and to measure the range of the damage these mechanisms generate near the sample surface. First, the evolution of the depletion layer depth observed in RVTA-processed samples is analyzed in terms of surface reconstruction and desorption effects.
12,13
Second, we investigate unannealed P + and As + implanted materials with different ion beam energies, where tilt angles were set to 7°and 45°, in order to minimize or to maximize the ion channeling, respectively. These measurements are finally compared to the damage profile calculated using SRIM 2003 Monte Carlo simulations.
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II. EXPERIMENTS
The RVTA of unimplanted samples were performed during 60 s at 10 mbar, with annealing temperatures varying between 200 and 400°C. Ion implantations have been carried out at T = 20°C using a Tandetron accelerator. P + were implanted with ion beam energies of 40 keV, and As + ions were implanted into GaAs: Zn with incident energies of 90 and 170 keV. For each of these implantations, the tilt angles were set at 7°and 45°with a precision of ±2°. To avoid amorphization, which occurs at lower thresholds for this implant temperature, 15 the fluences were restricted to 10 13 ions/ cm 2 and 10 12 ions/ cm 2 for P + and As + , respectively.
One cm −1 resolution micro-Raman studies were carried out at room temperature in the z͑xy͒z backscattering geometry, using a LABRAM-800 confocal system equipped with a nitrogen-cooled charge-coupled device detector and a 50ϫ microscope lens. A 514.5 nm Ar laser line focused on a diameter spot of few microns and polarized perpendicular to the ͗100͘ growth axis of the samples was used for excitation. The laser power was kept at 30 mW to prevent sample heating.
III. RESULTS AND DISCUSSION
A. Raman analysis
Since GaAs belongs to the point group of symmetry T d , only the LO phonon and the LOPC excitation are dipole allowed in the z͑xy͒z optical configuration. The depths explored by the Raman probe are 60 nm for confocal hole diameter h = 0.5 mm, and of Ϸ100 nm for h = 1.0 mm. 16, 17 Our estimation of the depletion layer depth is based on the Schottky model, assuming that the carrier concentration abruptly rises to the bulk value at a distance d away from the sample surface. According to Ref. 11, this value can be deduced from Raman measurements using the relation
where ␦ corresponds to the penetration depth of the laser light with wavelength = 514.5 nm, extracted from Ref. 16 , A is the measured ratio of the peak integrated intensity I LO /I LOPC , and A 0 refers to the I LO /I LOPC areas ratio calculated in pure GaAs, given in Ref. 11. Figure 1 shows the Raman spectra between 240 and 310 cm −1 of unimplanted GaAs: Zn, for an unannealed reference sample and for samples annealed at 250, 300, 350, and 400°C. This set of measurements was obtained by using h = 1 mm, in order to probe the effects induced by RVTA in the first 100 nm of the materials. The dotted lines denote the fitted forbidden TO and allowed LO phonons bands, observed at 269 and 290 cm −1 , respectively. The dashed lines identify the LOPC mode, with energy ranging 270-274 cm −1 , and the solid lines refer to the sum of TO phonon, LO phonon, and LOPC bands. The corresponding I LO /I LOPC ratios and depletion depths are estimated using Eq.
B. Vacuum thermal annealed GaAs: Zn
(1) and reported as a function of the annealing temperature in Fig. 2 .
The observation of Raman signal at the TO frequency is associated with disorder effects resulting from Zn doping and so-called forbidden TO-phonon scattering. 18 The measured wave numbers and bandwidths of TO phonon, LO phonon, and LOPC bands are close to those reported by Irmer et al. 11 in p = 7.2ϫ 10 18 cm −3 GaAs: Zn. The constant energy position of the TO phonon and LO phonon lines indicates low contamination effects resulting from RVTA. On the other hand the LOPC energy softening observed in the samples annealed above 300°C denotes a significant reduction of the carrier mobility in these materials due to the generation of defects within the structure.
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The vacuum heating of GaAs leads to surface reconstruction and outgassing effects, which promote the formation of extended defects in the vicinity of the sample surface. Such mechanisms have been studied by means of atomic force microscopy, 12 low-energy electron diffraction measurements, and Auger electron spectroscopy. 13 These previous reports have allowed the authors to describe the surface reconstruction processes induced by thermal annealings performed up to about 350°C, showing that the As atoms are displaced outward and the Ga atoms inward with respect to the bulk. Above T = 350°C, it has been established that both As and Ga atoms desorb from the substrate. However, this process favors the generation of As vacancies in the upper layers of the sample, due to the higher desorption rate of As with respect to Ga between 300 and 600°C. 19 This scenario is consistent with the data reported in Fig. 2 . Indeed, the decrease of the depletion depths from 10 nm in unannealed sample to 7.8 nm in vacuum annealed samples at 250°C can be connected to the displacement of the As donors toward the sample surface. On the other hand, the presence of As vacancies excess, resulting from preponderant As desorption during RVTA performed between 300 and 400°C, agrees with the increase of depletion depths from 7.6 to 10.2 nm in this temperature range (Fig. 2) . implanted material at 90 and 170 keV, respectively. The solid line designates the fitted spectra, which includes the contribution of TO phonon band at 265 cm −1 , LO phonon band at 289 cm −1 , and LOPC mode around 285 cm −1 . All these Raman spectra exhibit a drastic enhancement of the I LO /I TO ratio by a factor of up to 10 with respect to the unimplanted samples (Fig. 1) . Such an increase is associated with impurity-induced Raman scattering, 20 and accompanied by a LO phonon softening of 2 cm −1 resulting from ion incorporation within the structure. This energy shift is very close to the value reported by Ashokan et al. 5 in P + implanted GaAs at 70 keV with fluence of 10 13 ions/ cm 2 . The depletion depths deduced from the measured I LO /I LOPC ratios are reported in the third and fifth columns of Table I with a few nanometers accuracy. These experimental values compare well with the SRIM calculations, giving the average penetration depth R p of implanted ions in GaAs for corresponding ion beam energy and tilt angle, in fourth and sixth columns of Table I . Although the SRIM simulations do not include ion channeling effects, 14 which increase the longitudinal path of implanted ions within the target, 21 discrepancies of less than 8 nm are observed between measurements and calculations. We note that the depletion layer depths are slightly smaller than expected for the 45°implant angle, thus showing the negligible contribution of channeled ions to the experimental data. These remarks suggest that the formation of a large depletion layer below the sample surface is mainly connected to the range of defects arising from nuclear collisions between host atoms and incident ions, rather than to the spatial distribution of implanted ions. According to electrical conductivity measurements of Zn + , S + , and N + implanted GaAs, 22 such a feature is due to the trapping of free carriers by atoms displaced from their original site. We conjecture that this type of defect affects the LOPC mechanism by modifying the local electron gas density. 
C. Ion implanted GaAs: Zn
IV. CONCLUSION
Raman experiments carried out in the 240-320 cm −1 spectral range were used to investigate the defects generated by As outgassing in vacuum thermal annealed p-type GaAs: Zn between 250 and 450°C. We have shown that the measurements of depletion layer depths agree with the expected changes of local free carrier density resulting from As atom displacements and desorption during RVTA.
We have also studied the crystal disorder associated with P + and As + implantations performed at different ion beam energies and tilt angles in p =7ϫ 10 18 cm −3 GaAs: Zn. The spectral signature of LO phonon and LOPC mode have allowed us to probe the damaged layers located up to 90 nm within the substrate. Our results make the Raman technique a simple and accurate technique to measure the range of defects induced by nuclear collisions during low-energy ion implantation. 
